Objectives-This study aimed to evaluate the diagnostic value of acoustic radiation force impulse (ARFI) imaging and strain elastography in differentiating malignant from benign thyroid nodules.
C onventional sonography has become the preferred imaging method for diagnosing thyroid nodules, 1,2 but its diagnostic accuracy is influenced both by the limitation of the modality (ultrasound) itself and by the operator's experience. Hence, new imaging modalities for the efficient differential diagnosis of benign and malignant thyroid nodules are needed. Tissue stiffness is another feature that may reflect the nature of a thyroid nodule: Malignant nodules tend to be hard, whereas benign nodules tend to be soft. 3 Ultrasound elastography is a medical imaging modality that uses ultrasound to estimate tissue stiffness by measuring the degree of tissue distortion under pressure. 4 Acoustic radiation force impulse (ARFI) imaging is an ultrasound-based elastography method that includes virtual touch tissue imaging (VTI) and virtual touch tissue quantification (VTQ). Virtual touch tissue imaging represents tissue stiffness in gray scale: the darker or brighter an image, the stiffer or softer the tissue, respectively. In VTQ mode, the higher the shear wave velocity (SWV) of a thyroid nodule, the stiffer the nodule. Acoustic radiation force impulse imaging of thyroid nodules has higher reproducibility and reduced operator dependence, and the upper limits of its sensitivity and specificity can reach 97 and 100%, respectively. 5, 6 Conventional strain elastography is useful in differentiating malignant from benign thyroid nodules, 7, 8 but its clinical value remains controversial and unconfirmed. 2, 9, 10 Some researchers have reported that the diagnostic performance of ARFI imaging is higher than that of strain elastography. 11, 12 The strain ratio (SR) describes the elastic properties of thyroid nodules as a semi-quantitative analysis method of strain elastography. The mean SR is obtained by dividing the mean strain of the surrounding normal tissue by the mean strain of the nodule. The higher the mean SR, the stiffer the nodule. At present, opinions of the value of SR analysis vary. 4, [13] [14] [15] [16] [17] [18] Some studies have reported the diagnostic performance of ARFI imaging and SR analysis for differentiating malignant from benign thyroid nodules. However, few studies have compared the diagnostic value of using VTI grade, mean SWV, and mean SR to differentiate malignant from benign thyroid nodules. Hence, the present study aimed to evaluate the diagnostic value of ARFI imaging and the mean SR method of strain elastography in differentiating malignant from benign thyroid nodules.
Materials and Methods

Patients
Informed consent was obtained from all patients, and the study was performed in accordance with the ethics guidelines of the Declaration of Helsinki with approval from the local ethics committee. In total, 128 patients with thyroid nodules hospitalized between October 2014 and March 2015 were included in this study. All patients underwent ARFI imaging and strain elastography after conventional ultrasound examination. There were 104 female and 24 male patients, with a mean age 6 standard deviation of 48 6 11 years (range, 23-76 years). The enrollment criteria for the patients were as follows: (1) nodules that were solid or almost solid (less than 20% cystic components); (2) nodules at least 0.5 cm in diameter, with sufficient peripheral gland at the same depth appearing normal; and (3) neither clinical treatment nor fine needle aspiration (FNA) biopsy nor core needle biopsy of the nodules was performed before ultrasound examination. The latter criterion was included because these invasive procedures would have changed the original hardness of the nodules. For patients with multiple nodules, nodules suspected of malignancy (based on conventional sonographic findings) or moderate-sized solid nodules surrounded by sufficient normal thyroid tissue were selected for analysis. In total, 168 thyroid nodules were observed in the 128 included patients. The exclusion criteria were as follows: (1) unstable dynamic images on strain elastography (9 nodules), and (2) nodules with invalid SWV values, expressed as "x.xx m/s" (seven nodules). After applying these criteria, 152 thyroid nodules were included for analysis. One nodule from each of 28 patients with a single nodule (including 28 malignant nodules), one nodule from each of 79 patients with multiple nodules (including 16 malignant nodules and 63 benign nodules), two nodules from each of 18 patients with multiple nodules (including three patients each with two malignant nodules, five patients each with one malignant nodule and one benign nodule, and 10 each with two benign nodules), and three nodules from each of three patients with multiple nodules (all benign nodules) were included ( Figure 1 ). The diameter of the nodules ranged from 0.5 to 3.0 cm (mean 6 standard deviation, 1.37 6 0.63 cm).
All target nodules in this study underwent surgery. The indications for thyroidectomy were as follows: (1) confirmed malignancy by conventional sonography (n 5 48), (2) suspicion of malignancy by conventional sonography revealing coexisting large nodules causing compressive symptoms (n 5 5), and (3) suspicion of or confirmed benign nodule by conventional sonography but accompanied by large nodules or multiple nodules in the same lobe, isthmus, or other lobe causing compressive symptoms (n 5 99). All target nodules were removed together with the associated nodules. Large nodules ( > 3 cm) were not included in the study as a result of the lack of surrounding normal tissue, which reduces the accuracy of VTI.
Conventional Sonography
Conventional sonography was performed with an Acuson S2000 diagnostic ultrasound system (Siemens Medical Solutions, Mountain View, CA) with a 9L4 highfrequency probe. The patients were placed in a supine position with a fully exposed neck. Scans of the thyroid lobes and isthmus were obtained in both the transverse and longitudinal planes. The following features of the nodules were evaluated: size, echogenicity, echotexture, margin, shape, presence or absence of the halo sign, and presence or absence of microcalcification. In addition, the distances from the target nodule to the upper, lower, left, right, ventral, and dorsal margins of the thyroid lobe were also recorded for correlation with pathology results when there were multiple nodules in one patient. The diagnostic criteria for thyroid nodules on conventional sonography were as follows: For benign lesions without calcifications, the criteria were a cystic or almost entirely cystic appearance, isoechogenicity, a spongiform appearance, regular margins, and a halo sign; for malignant nodules, the criteria were a solid nodule, microcalcifications, marked hypoechogenicity, irregular margins, absence of a halo, and a taller-than-wide shape. The nodules were classified as malignant nodules when they had three or more malignant features; otherwise, they were considered benign thyroid nodules.
Acoustic Radiation Force Impulse Imaging Acoustic radiation force impulse imaging was performed with an S2000 ultrasound machine equipped with a 9L4 high-frequency probe with a center frequency of 7.5 MHz. The patients were placed in a supine position with a fully exposed neck. The probe was placed gently on the thyroid surface without pressure. Imaging was performed in the longitudinal plane of the thyroid nodule.
A sampling box with fixed dimensions of 0.6 3 0.5 cm was presented on the screen when the VTQ function was triggered. The sampling box was placed on the solid portions or suspicious regions of a nodule, avoiding calcification or cystic portions as much as possible, except for when diffuse calcifications were present. The VTQ function was initiated after the patient was told to hold his or her breath. The SWV was then displayed on the screen in meters per second. The measurements were repeated seven times, and the mean of the measurements was calculated and used for analysis.
A rectangular region of interest (ROI) was used for VTI acquisition when the VTI function was triggered. The ROI was adjusted to ensure that the nodule and sufficient surrounding gland were included. The update function was initiated after the patient was told to hold his or her breath, and a VTI image was then produced to the right of the corresponding 2D ultrasound image. The VTI image was displayed as a gray scale map. This procedure was repeated three times, and the image with the clearest boundaries was saved for analysis. Depending on the proportions of black and white in the nodule, the VTI images were divided into six grades according to Xu's VTI grading method. [19] [20] [21] A higher grade indicated stiffer tissue.
Strain Ratio Method of Strain Elastography
Strain elastography was performed with a Philips IU22 digital ultrasound scanner system (Philips Bothell, WA) equipped with a linear transducer array with a wide bandwidth of 5 to 12 MHz. The probe was placed gently on the thyroid surface without pressure, and the rectangle ROI was centered on the nodule, including sufficient surrounding thyroid tissue. Optimal elastographic images showing color homogeneity were obtained within the ROI. The images were displayed in side-by-side mode with the ultrasound images on the left and the elastography images on the right. The strain elastograms were acquired at 15 frames per second, and a series of dynamic elastograms (approximately 100 frames) were stored. The SR was measured using elastography quantitative analysis software. A single representative image was chosen from the dynamic images to perform the measurement. First, the border of the nodule was traced manually. Then, the border line was moved to the surrounding tissue at the same depth and fixed. Finally, a copy of the border line was placed on the nodule, and the mean SR was automatically calculated.
Conventional sonography, ARFI imaging, and strain elastography were performed by one radiologist (F.J.Z.) with 7 years of experience in thyroid sonography, 3 years of experience in thyroid ARFI imaging, and 4 years of experience in thyroid strain elastography. Sonography, VTI, VTQ, and strain elastography were performed sequentially for odd-numbered patients, whereas sonography, strain elastography, VTQ, and VTI were performed sequentially for even-numbered patients.
Sonography classification, VTI grading, mean SWV calculation, and mean SR measurement of the nodules were performed in the same setting and in a blinded manner independently by two radiologists (M.D., P.L.) with more than 7 years of experience in thyroid sonography, 3 years of experience in thyroid ARFI imaging, and 4 years of experience in thyroid strain elastography. In cases of disagreement between the radiologists in evaluating sonography classification or VTI grade, a third radiologist (R.L.H., with 10 years of experience in thyroid sonography, 4 years of experience in thyroid ARFI imaging, and 6 years of experience in thyroid strain elastography) reviewed the images to make the final decision. In addition, the third radiologist separately calculated the mean SR values measured by the first two radiologists and confirmed the mean SWV of the thyroid nodules. The identities of the patients and the clinical and pathology results were not available to these three radiologists.
Reference Standard A total of 128 patients underwent surgery for a total of 152 operated nodules, and the pathological results were used as the reference standard. All pathological diagnoses were made by a pathologist experienced in thyroid pathological examination.
Statistical Analysis
The elastography characteristics of benign and malignant thyroid nodules were compared using the MannWhitney U nonparameter test for categorical variables and continuous variables. The accuracies of different methods were compared using the v 2 test, and the significance level was adjusted according to the Bonferroni correction method. Statistical analysis was performed using SPSS statistical software (version 13.0; IBM Corp, Armonk, NY). The diagnostic performance of each independent elastography analysis method was expressed as the area under the receiver operating characteristic curve (AUC). The diagnostic performance was regarded as low (AUC 5 0.5-0.7), moderate (AUC 5 0.7-0.9), or high (AUC > 0.9). The best cutoff value for each elastography analysis method as well as the corresponding sensitivity, specificity, AUC, and 95% confidence interval (CI) of the AUC were obtained from the separate receiver operating characteristic curve (ROC) analyses. The AUCs of the three elastography analysis methods were obtained and compared by ROC analysis. The sensitivity, specificity, and diagnostic accuracy of sonography and combined use of sonography with VTI grade, mean SWV, or mean SR for differentiating malignant from benign nodules were calculated and compared using the final pathological diagnosis as the reference. Interobserver agreement for VTI grade was evaluated by weighted j statistics with a 95% CI. Agreement was graded as poor (j < 0. 
Results
Pathologic Diagnosis
The pathological results revealed 55 of 152 (36.18%) malignant nodules (40 papillary carcinomas, 3 follicular type papillary adenocarcinomas, 11 micro-focal papillary carcinoma, 1 atypical adenoma canceration) and 97 of 152 (63.82%) benign nodules (89 adenomatous hyperplasia nodules, 8 follicular adenomas).
Conventional Sonography
Forty-eight malignant nodules and 92 benign nodules were correctly diagnosed according to conventional sonography features, whereas seven malignant nodules and five benign nodules were misdiagnosed. The sensitivity, specificity, and accuracy of conventional sonography features for differential diagnosis between malignant and benign thyroid nodules were 87.27% (95% CI, 69.61-91.25), 94.85% (95% CI, 88.39-98.31), and 92.11% (95% CI, 86.62-95.86).
Acoustic Radiation Force Impulse Imaging and SR Characteristics of Thyroid Nodules
According to the proportions of black and white in the nodule, the VTI images were divided into grade I (Figure 2A ), grade II ( Figure 2B ), grade III ( Figure 2C ), Figure 2 . Virtual touch tissue imaging grades of thyroid nodules. A, Grade I, the nodule was predominantly bright (dark portion, 0-20%). B, Grade II, the nodule was predominantly bright with few dark portions (dark portion, 20-40%). C, Grade III, the nodule was equally dark and bright (dark portion, 40-60%). D, Grade IV, the nodule was predominantly dark with a few bright spots (dark portion, 60-80%). E, Grade V, the nodule was almost completely dark (dark portion, 80%). F, Grade VI, the nodule was completely dark without bright spots (dark portion, 100%).
grade IV (Figure 2D ), grade V ( Figure 2E ), and grade VI ( Figure 2F ). Virtual touch tissue images of 72.73% of the malignant nodules showed a VTI grade of IV to VII, whereas only 10.31% of the benign nodules showed a VTI grade of IV to VII, and this difference was significant (P < .001). The VTI grading results for the thyroid benign and malignant nodules are given in Table 1 .
The median VTI grade, mean SWV, and mean SR for the malignant nodules were grade IV (95% CI, 4.00-4.00), 3.54 (95% CI, 3.19-3.91) m/s and 3.68 (95% CI, 3.09-4.10), respectively. The median VTI grade, mean SWV, and mean SR for the benign nodules were grade II (95% CI, 2.00-2.00), 2.25 (95% CI, 2.12-2.43) m/s and 1.42 (95% CI, 1.20-1.79), respectively. The median VTI grade, mean SWV, and mean SR for the malignant nodules ( Figure 3 , A-C) were significantly higher than those for the benign nodules (all P < .001, Figure 4 , A-C). The ROC curve analyses showed that the best cutoffs for VTI grade, mean SWV, and mean SR for predicting malignant nodules were greater than or equal to grade IV, 2.87 m/s and 2.37, respectively; the corresponding sensitivity and specificity are provided in Table  2 . The AUCs for VTI grade, mean SWV, and mean SR were 0.854 (95% CI, 0.788-0.906), 0.869 (95% CI, 0.805-0.918) and 0.849 (95% CI, 0.782-0.902), respectively (P > .05; Figure 5 ). The accuracies of the mean SWV and the mean SR were inferior to that of conventional sonography (P 5 .007 and .003, respectively), whereas the accuracy of VTI grade did not differ significantly from that of sonography (P > .0083, Bonferroni correction).
Comparisons of the Combined Use of Sonography and Different Elastography Analysis Methods
Combined diagnosis by sonography and each elastography analysis method was considered positive when at least one method was positive for malignancy. The final pathological diagnosis was used as a standard. The diagnostic accuracy of conventional sonography and the combined application of sonography and different elastography analysis methods are given in Table 3 . Seven malignant nodules were misclassified as benign by conventional sonography, but the number of misdiagnoses decreased to 1, 2, or 0 when conventional sonography was combined with VTI grade, mean SWV or mean SR, respectively. Five benign nodules were misclassified as malignant by conventional sonography, and the number of misdiagnoses decreased to two when conventional sonography was combined with VTI grade; however, this number did not change for conventional sonography combined with mean SWV or mean SR. The combined application of conventional sonography and different elastography analysis methods further improved the accuracy compared with conventional sonography, although the differences were not significant (P > .0083, Bonferroni correction).
Interobserver Agreement for VTI Grade
The j value was 0.98 and the 95% CI was 0.959 to 1.000 for the interobserver agreement of VTI grade (P < .001).
Discussion
Strain elastography may be efficient in differentiating malignant from benign thyroid nodules. Some studies have evaluated the usefulness of the SR method, and sensitivity values of 65.8 to 97.3% and specificity values of 71.0 to 94.2% have been reported for the prediction of malignant thyroid nodules. 4, 15, [17] [18] [19] [20] [21] [22] However, the usefulness of this method remains controversial and unconfirmed. 13 Chong et al 13 reported that the specificity and Note: The numbers in parentheses are the percentages of patients.
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accuracy of SR were only 53.6 and 59.9%, respectively. The specificity and accuracy of SR observed in the present study were higher than those in Chong's report, and adding SR to conventional sonography can further improve these values. Acoustic radiation force impulse imaging is an elastography method that allows both quantitative and qualitative evaluation of tissue stiffness. This method is reproducible and produces more reliable results than external compression elastography. 23 Virtual touch tissue quantification using ARFI imaging achieves high interobserver and intraobserver reproducibility, with correlation coefficients of 0.904 for intraobserver agreement and 0.864 for interobserver agreement being reported by Zhang et al. 12 Zhang et al 19 also obtained excellent interobserver agreement (j 5 0.85) when using this methodology to assess VTI grade for thyroid nodules. In the present study, interobserver agreement for VTI grade was very good (j 5 0.98, 95% CI, 0.959-1.000) and was significantly higher than in the study by Zhang et al. 19 This improvement may be attributable to the inclusion of only VTI grade and because the impact of 19, 20, [25] [26] [27] For mean SWV, the sensitivities and specificities in previous studies ranged from 57 to 97% and from 62 to 100%, respectively. 28 However, few studies have simultaneously compared conventional sonography with VTI grade, mean SWV, mean SR, and combined application of sonography and different elastography analysis methods for the prediction of malignant thyroid nodules. The results of this study demonstrate that combining VTI grade, mean SWV, or mean SR with conventional sonography improves diagnostic accuracy for thyroid nodules.
Virtual touch tissue imaging qualitatively estimates the elasticity of a whole nodule, whereas mean SWV quantitatively measures the nodule elasticity at discrete locations. Xu et al 26 concluded that VTI grade was superior to mean SWV in distinguishing between benign and malignant thyroid nodules. However, in the current study, the diagnostic performance of mean SWV was similar to that of VTI grade. This discrepancy may be caused by differences in patient cohorts; the former study included only patients with solid hypoechoic nodules.
In the present study, although VTI grade and mean SWV had similar diagnostic performance, discrepant findings were noted (24.34%, 37 of 152) in some cases. Eleven malignant nodules had a VTI grade of I to III but a mean SWV value higher than 2.87 m/s, whereas eight malignant nodules had a mean SWV value of less than 2.87 m/s but a VTI grade of IV to VI. Six benign nodules had a VTI grade of IV to VI with mean SWV values less than 2.87 m/s, whereas 12 benign nodules had mean SWV values higher than 2.87 m/s but a VTI grade of I to III. The reasons for the discordance between VTI grade and the mean SWV value in these nodules are not clear. For nodules diagnosed as malignant, as long as one of the two indexes diagnosed malignancy, the sensitivity would significantly improve (94.44%, 51 of 55), the specificity would decrease (77.32, 75 of 97), and the accuracy (82.89%, 126 of 152) of ARFI imaging combined diagnosis would not significantly change. These results indicate that combination diagnosis using VTI grade and mean SWV does not further improve diagnostic performance. However, combining conventional ultrasound diagnosis with VTI grade or mean SWV Coarse calcifications, fibrosis, and glass-like changes of some benign nodules increased the stiffness of the nodules; thus, some benign nodules showed high mean SR and mean SWV values as well as a high VTI grade. In contrast, hemorrhage and cystic degeneration decreases the stiffness of malignant nodules; thus, some malignant nodules had low mean SR and mean SWV values as well as a low VTI grade. Conventional sonography and all types of ultrasound elastography are subject to overlap between benign and malignant thyroid nodules. All elastography analysis methods reflect the stiffness of thyroid nodules but do not directly reflect their nature. Therefore, these methods should be combined with conventional sonography to establish a final decision. This approach will ensure that patients undergo surgery early and improve the prognosis of patients with thyroid malignant nodules. However, patients with benign thyroid nodules may avoid surgery, which could have negative effects.
There were several technical limitations regarding the use of ARFI imaging. First, the upper limit of the SWV was set to 9 m/s in this application: The measurement result displayed "X.XX m/s" when a solid nodule was too hard, and the true stiffness of the nodule was therefore uncertain. Second, calcification and cystic degeneration areas were difficult to avoid due to the fixed shape and size of the sampling box on VTQ. Third, SWV was not suitable for completely cystic nodules, as the transverse wave cannot spread through liquid. Fourth, VTI grading was unsuitable for nodules without normal surrounding thyroid tissue, and SWV was unsuitable for nodules smaller than 0.5 cm.
This study also has some limitations. First, only papillary carcinomas were included in the study, and the VTI grade, mean SWV, and mean SR of other pathological types of carcinoma may differ from those of papillary carcinoma. Additional studies with a greater variety of malignant nodules in a large series will be required to establish the ARFI imaging and SR characteristics for different pathological types of thyroid carcinoma. Second, the patients were reluctant to undergo FNA despite the recommendations of the radiologists, because they considered this additional invasive procedure unnecessary given the decision to undergo surgical excision. Generally speaking, patients with suspicious nodules on conventional ultrasound, ARFI imaging, or strain elastography should undergo an initial biopsy to determine whether a thyroid nodule is malignant. A major limitation of FNA is that 10 to 15% of specimens are nondiagnostic 29 ; unfortunately, a substantial percentage (5-30%) of them remain nondiagnostic at a second cytological evaluation. 30 In addition, FNA is a noninvasive procedure, consumes time and economic resources, and is associated with minor complications. Numerous benign nodules smaller than 3.0 cm were removed by surgery in this study; however, surgical removal of small benign thyroid nodules is not a good indication for an invasive procedure. The benign nodules in this study were removed because of coexisting thyroid cancer or coexisting large benign nodules causing compressive symptoms. Third, all 128 of the included patients were hospitalized, and this population may not be representative of a screening population. The results might not be applicable to western countries, and more prospective studies in a nonsurgical population are needed.
In summary, ARFI imaging and the mean SR method of strain elastography exhibited approximately equal value in distinguishing between benign and malignant thyroid nodules. On the basis of conventional sonography, combined application of VTI grade, mean SWV, or mean SR could further improve diagnostic accuracy for thyroid nodules.
